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ABSTRACT: Condensed intervals provide a framework to study evolution of iron-coated particles. This study examines the iron-
rich particles contained in the condensed carbonate deposits spanning from uppermost Toarcian to lower Bajocian in the
northwestern Iberian Range (northern Spain), to unravel the controls on geochemical changes in the basin by determining
variation in mineralogy and REY (rare earth elements and yttrium) as potential predictors of provenance. The particles are
composed mostly of the ferrous phyllosilicate berthierine, and by Fe-oxyhydroxide goethite. Depositionally, iron-rich particles
occur at specific horizons, and display changes in character, from iron cortoids (Stage 1) in lowest Aalenian sediments, passing
to small-sized iron ooids (Stage 2) in early Aalenian strata and to more complex iron-grain aggregates and larger iron ooid–
oncoid mixed particles (Stage 3) in the middle–upper Aalenian succession. In the lower Bajocian sediments that represent the
most condensed interval, diagenetic processes strongly affected previously iron-coated particles.
The genesis of the diverse suite of iron-rich particles is explained by petrographic and mineralogic studies revealing
oscillation in redox conditions. Berthierine genesis is linked with suboxic conditions below the water–sediment interface.
Subsequent periods of low rates of sediment accumulation allowed the exhumation of particles, and exposing them to oxic
conditions that favored goethite formation. Definitive burial led to the development of isopachous circumgranular berthierinic
cement rims and dissolution and replacement.
Studies of REY and comparison with iron-rich samples of diverse provenance suggest a conceptual model for geochemical
evolution of these deposits. The lack of both contemporaneous soil deposits and evidence of subaerial exposure in this arid
paleoclimatic setting rule out weathering processes as the main source of iron. Instead, geochemical indexes (Y/Nb and Y/La
ratios) suggest that coeval Iberian volcanism was the most plausible iron source.
The sedimentological, mineralogical, and chemical attributes of these iron deposits provides proxies to interpret redox and
geochemical fluctuations and integrate all the data in an evolutionary model. Variations in REY patterns offer a framework for
correlation at both local and subregional scales. Likewise, as this study provides new geochemical data for the Aalenian period,
including the Fuentelsaz GSSP worldwide reference section, it enhances knowledge of the evolution of the westernmost Tethyan
basins and the significance of widely distributed oolitic ironstones. The data collectively reveal how the REY signature of
condensed sediments can be used to obtain detailed information on the geochemical and paleoceanographic conditions of
depositional basins.
INTRODUCTION
Unconformities, hiatal surfaces, and condensed units have been noted
frequently in studies of oolitic ironstones worldwide. Ferruginous
particles, and associated unconformities and condensed sections, may
provide important information for analyzing the evolution of the particles
and interpreting the source of iron and the causes of their formation, and
moreover, they can record paleoceanographic information. In parts of the
NW Iberian Range, the Aalenian to Bajocian (Jurassic) interval, which
includes condensed marine carbonate strata characterized by the presence
of hardgrounds, oolitic ironstones, and hiatuses of variable extent (Goy
and Ureta 1990; Garcı´a-Frank 2007; Garcı´a-Frank et al. 2006, 2008),
provides a unique opportunity to examine the record and formative
processes of ferruginous particles. Specifically, this succession can provide
insights into three aspects of the genesis of oolitic ironstones that have
been controversial topics for decades: (1) the source of iron; (2) the
peculiar mineralogy of the particles, and (3) the sedimentary environment
where the particles formed.
With regards to the source of iron, two broad categories of hypotheses
have been invoked to explain the source of iron in the Fe minerals. These
sources of iron could be a product of chemical weathering of soils or
marine sediments, or related to exhalative processes.
Likewise, considering the formation of the iron minerals, the most
common mineralogies of ironstones include phyllosilicates (berthierine,
chamosite) and oxyhydroxides (goethite), associated with carbonates
(siderite) or sulfides (pyrite), and with non-Fe minerals such as
phosphates (apatite). Diagenetic and metamorphic reactions change the
mineralogy of iron particles, such that chamosite is thought to be the
stable phase of berthierine at temperatures over 80 uC (Velde 1995;
Meunier 2005); debate about the nomenclature of the serpentine family
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(berthierine–odinite) is not a concern of this paper. The diverse
hypotheses about the genesis of berthierine, the main Fe mineral in
ironstones, are linked closely with discussions of the source of iron. Some
authors relate its formation to weathering (see Young and Taylor 1989;
Needham et al. 2004, 2005, and references therein), whereas others
propose an exhalative origin including tecto-magmatic regimes (Dreesen
1989), pure volcanic origin (Sturesson 1992, 2003; Sturesson et al. 2000),
deep magmatic sources (Kimberley 1989, 1994, 2005) or precipitation in a
marine environment linked to sedimentary exhalative hydrothermal
processes (Rivas-Sanchez et al. 2006). Some authors suggest that
berthierine is an early diagenetic mineral, since at times of low net
sediment accumulation rates, non-sulfidic post-oxic diagenesis (Berner
1981) dominates (e.g., Spears 1989; Young 1989; Taylor and Curtis 1995;
Taylor 1998). To complicate matters, these conceptual models of
berthierine formation may not be mutually exclusive (e.g., Young 1989;
Reolid et al. 2008).
The interpretations of a third topic of debate, the ancient depositional
settings of the iron particles, are varied (see Kimberley 1978), in part
because analogous modern iron particles are scarce. Modern berthierine-
coated particles occur in Indonesia (Heikoop et al. 1996) in a volcanic
context, and on the coast of Venezuela (Kimberley 1994, 2005) associated
with active faults related to gas exhalation.
To address these questions concerning the source of iron, the peculiar
mineralogy of the particles, and the sedimentary setting where they form,
this study describes new sedimentological, petrographical, and geochem-
ical data from ironstones from the condensed Early–Middle Jurassic
transition in the NW Iberian Range. In this context, the purpose of this
study is to review and compare relationships among petrographic
character, geochemical signature, and sedimentological patterns within
and among a suite of iron-coated particles generated in diverse contexts.
These observations and comparisons illustrate the nature and origin of
depositional and diagenetic themes and motifs within iron-rich particles.
The systematic examination of the details of chemistry of iron-coated
particles provides new insights into the formation of oolitic ironstones in
condensed sediments, motivating a new conceptual model for the long-
standing conundrum concerning the genesis of these geologically
important particles. The specific aims of this study are: 1) to unravel
the depositional and diagenetic controls in the basin by determining the
variation in mineralogy and bulk geochemistry in sediments of different
stratigraphic and paleogeographic settings, as a potential predictor of
provenance; 2) to evaluate the relative importance of volcanism and
weathering processes as sources of reactive Fe for the iron-coated
particles; 3) to determine whether changes in sedimentation rate resulted
in formation of particular Fe-coated particles, which in turn record
paleoceanographic information of Jurassic seawater.
GEOLOGICAL SETTING
The NW–SE-trending Iberian Range is an intracontinental Alpine fold-
and-thrust belt, about 600 km long, that includes both Variscan basement
and the Mesozoic cover, and shows a double vergence (Mas et al. 2003;
Guimera´ et al. 2004). The range developed through the Paleogene and
Miocene through tectonic inversion of the Mesozoic Iberian Rift System
(e.g., Salas et al. 2001). The study area is located in the northwestern
extreme of the Iberian Range (Figs. 1, 2). On the basis of facies,
thickness, and fossil content of the uppermost Toarcian to lowermost
Bajocian sediments, Garcı´a-Frank et al. (2008) distinguished four main
areas (Fig. 2), informally noted as Demanda (NW), San Leonardo (SW),
Madero–Moncayo (SE), and Cameros (NE).
The early Middle Jurassic (Aalenian–lowermost Bajocian) sedimentary
record of the NW part of the Iberian Basin was affected by
synsedimentary tectonics, generating two major facies domains: Iberian
Basin domain (IB domain) including the Demanda, San Leonardo and
Madero–Moncayo areas, and Basque–Cantabrian Basin domain (BCB
domain) represented by the Cameros area. Iron-coated particles occur
only in the IB domain (Fig. 2). Two main episodes of faulting affected
both the IB domain and the BCB domain during the Early–Middle
Jurassic transition (Garcı´a-Frank et al. 2008), caused by synsedimentary
faulting due to extensional tectonics in this period. This faulting is
associated with development of widespread unconformities in several
Iberian and western European basins (e.g., Basque–Cantabrian and
Asturias basins: Aurell et al. 2003; Betic Cordillera: Azan˜o´n et al. 2002;
Algarve Basin: Terrinha et al. 2002; Lusitanian Basin: Wright and Wilson
1984; Aquitaine Basin: Lezin et al. 2007; Swiss Jura and adjacent areas of
FIG. 1.—Jurassic outcrops in the Iberian
Peninsula (shown in gray) with the location of
the study area (dashed rectangle) and the
Fuentelsaz GSSP for the Toarcian–Aalenian
boundary. The squared gray area in the south
eastern part of the Iberian Range shows the
location of Jurassic alkaline volcanism, mainly
volcaniclastic deposits.
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SW Germany: Wetzel et al. 2003; western Middle Atlas: El Hammichi
et al. 2002).
In this framework, in the SE sector of the Iberian Basin (Fig. 1) the
early Toarcian to early Bajocian included multiple episodes of alkaline
volcanism, recorded mainly by volcaniclastic deposits, and subordinate
basaltic sills (Gautier and Odin 1983; Ferna´ndez-Lo´pez et al. 1985;
Martı´nez-Gonza´lez et al. 1997; Lago et al. 2004; and references therein).
Early to Middle Jurassic magmatic activity has also been reported from
other Iberian basins (middle Subbetic: e.g., Martı´n-Algarra et al. 2004;
Algarve Basin: Pinheiro et al. 1996), and evidence of widespread basaltic
volcanism, thermal doming, and collapse have been documented in the
North Sea region (e.g., Underhill and Partington 1993; Hesselbo and
Jenkyns 1998; Ziegler 2004). All these magmatic episodes set an imprint in
coeval sedimentary materials, which may also be recorded through the
carbonate deposits and embedded iron-coated particles.
Condensed levels, characterized by the presence of hardgrounds and
biostratigraphically defined hiatuses of variable duration, have been cited
frequently in regional studies concerned with Iberian late–Early Jurassic
to early–Middle Jurassic strata. Facies characteristics in Aalenian–
Bajocian deposits from the NW Iberian Range suggest condensed
sections (Goy and Ureta 1990), with low sedimentation rate and
prolonged submarine exposure (Garcı´a-Frank 2007; Garcı´a-Frank et al.
2008).
Five third-order stratigraphic sequences (sensu Vail et al. 1991),
coincident with five transgressive–regressive cycles (S1 to S5) and
bounded by five unconformities (U1 to U5), were identified between
the Upper Toarcian and the lowermost Bajocian by Garcı´a-Frank et al.
(2008) in the IB domain (Fig. 3A). Cyclicity is different in the Cameros
area (BCB domain), where twelve stratigraphic sequences were identified
in this interval (Fig. 3A). A characteristic of the youngest IB domain
sequences (S3, S4, and S5) is low net accumulation rates (estimated at
0.65, 0.7, and 0.45 m/Myr respectively) relative to the coeval BCB domain
sequences (ranging between 5.08 and 19.44 m/Myr; see Garcı´a-Frank et al.
2008). Here, in the IB domain, iron-coated particles are found, associated
mostly with areas and intervals of condensed sedimentation (elevated
fault blocks resulting from the intermittent extensional tectonics; Garcı´a-
Frank et al. 2008).
Lithostratigraphically, in the IB domain, the Turmiel, Casinos, and El
Pedregal formations (Go´mez et al. 2003; Go´mez and Ferna´ndez-Lo´pez
2004) consist of limestone and marl (Fig. 3B). An alternation of
mudstone to wackestone–limestone and marl occurs in the Turmiel
Formation; the Casinos Formation is limestone with variable bioclastic
content and thin marl interbeds, and the El Pedregal Formation is fossil-
poor wackestone. Iron-coated particles occur in the uppermost limestone
unit of the Turmiel Formation and in variable positions within the
Casinos Formation (Fig. 3C). There is no evidence of iron-coated
particles in the rhythmic alternation of organic-rich dark gray marls
and mudstone to wackestone of the Castillo Pedroso Formation at the
BCB domain (Cameros area), or within the Aalenian GSSP of Fuentelsaz
(Cresta et al. 2001), where due to erosion only S1 and S2 are preserved
(Fig. 3A, B, C).
MATERIAL AND METHODS
This study includes a detailed petrographic and geochemical descrip-
tion of the different types of Fe particles found in the carbonate deposits.
It also includes data from the Aalenian GSSP of Fuentelsaz, located in
the Castilian Branch of the Iberian Range, which was situated in a more
proximal setting than the rest of the studied sections of the NW Iberian
Range, to compare the coeval materials.
One hundred and sixty samples of iron-rich particles, ranging in age
from upper Toarcian to lower Bajocian, were collected from 21 outcrops
FIG. 2.—Location of the studied sections, the tectonic structures, and the four major areas defined in the Northwestern Iberian Range during the Aalenian (after
Garcı´a-Frank 2007; Garcı´a-Frank et al. 2008). The shaded areas include the sections with Toarcian, Aalenian, and Bajocian iron-coated particles. Abbreviations of
sections: Demanda area: Canales de la Sierra (Cn), Ezcaray (Ez), Huerta de Arriba (Ha), Pen˜ahincada (Ph), Santa Ine´s (Si), Villavelayo (Vy); San Leonardo area:
Castrovido (Cv), Hontoria del Pinar (Ht), Las Fraguas (Fg), Moncalvillo (Mv), Paules de Lara (Pa), Palacios de la Sierra (Pl), Piedrahita de Mun˜o´ (Pm), Quintanilla de
las Vin˜as (Qv), Rabanera del Pinar (Rb), Tejada (Tj), Talveila (Tl), Vilviestre del Pinar (Vv); Madero–Moncayo area: Aldealpozo (Ap), Borobia I (Bo I), Borobia II (Bo
II), Ciria (Ci), Malanquilla (Ml), Pinilla del Campo (Pi), Pozalmuro (Pz); Cameros area: Fuentes de A´greda (Fa), Jubera (Jb), Muro de Aguas (Mg) and Pre´jano (Pr).
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within the IB domain (Fig. 2). The state of weathering of the outcrops
was carefully checked since Fe minerals are highly susceptible to this
process, and sampling avoided surficial parts of rocks. The bed-by-bed
description of the stratigraphic sections, supplemented by the precise
ammonite biostratigraphy, reveals details of the accumulation history of
condensed deposits and their iron-rich components. Study of 525
successive ammonoid assemblages (ammonoid biostratigraphic scale of
Henriques et al. 1996; Sandoval et al. 2001) within all the sections refines
the chronostratigraphic range of the sequences and their boundaries with
a precision of approximately 0.5 Ma. (Garcı´a-Frank 2007; Garcı´a-Frank
et al. 2008).
Polished thin sections were made of the 160 samples and studied by
transmitted-light microscopy. A subset of 10 samples was coated with
carbon for morphometric study using back-scattered images in a Jeol
6400 scanning electron microscope (SEM) at Centro de Microscopı´a
Electro´nica Luis Bru, Universidad Complutense de Madrid. Some iron-
coated particles were mechanically separated from the rock, mounted in
stubs, coated with gold, and studied by secondary electron images in the
SEM, to see the three-dimensional development of coatings. The
mineralogy of the iron-coated particles from 16 samples was determined
by X-ray diffractometry (XRD) on a Siemens Kristalloflex 810 X-ray
diffractometer using Cu-Ka radiation at 40 kV and 30 mA, a step size of
0.03u 2h, and time per step of 1 s (Universidad Complutense de Madrid,
Departamento de Cristalografı´a y Mineralogı´a). Diffraction peak heights
for berthierine and goethite correspond well with relative abundances
visually estimated in thin section, matching the quantitative mineralogical
analyses performed on bulk rocks in the study area (Garcı´a-Frank, 2007).
Five samples containing abundant iron-coated particles and six selected
samples from the Aalenian GSSP at Fuentelsaz, including limestones and
marls, were mechanically crushed in an agate mortar and pestle for
geochemical analysis. Determinations for REY (rare earth elements +
yttrium; Y inserted between Dy and Ho according to its ionic radius) were
made by inductively coupled mass spectrometry (ICP-MS) at Activation
Laboratories (Canada) using a Perkin-Elmer SCIEX ELAN 6000 ICP-
MS instrument, a lithium metaborate/tetraborate fusion ICP trace-
element Code 4Litho. The iron-coated samples included 10 standards for
the analyses, and the Fuentelsaz samples included 16 standards (detection
limits are shown in Table 2). Results are plotted relative to Chondrite
(Taylor and McLennan 1985) and PAAS (McLennan 1989). The
parameters to describe REY distribution patterns were adopted from
Haley et al. (2004).
To detect affinities in the studied iron-coated particles trends, they are
also compared with other samples from (1) the PAAS (Taylor and
McLennan 1985), (2) iron ooids, including (2a) present-day iron ooids
from Indonesia (Sturesson et al. 2000) and (2b) Oxfordian iron ooids
(type A iron ooids from Reolid et al. 2008), (3) iron lateritic crusts from
the Betic Cordillera (Reolid et al. 2008), (4) carbonates (limestones and
marls) lacking these particles at the Aalenian GSSP at Fuentelsaz (this
study), and (5) present-day seawater (Zhang and Nozaki 1996). A
discrimination between light-REE (LREE; La, Ce, Pr, and Nd), middle-
REE (MREE; Eu, Gd, Tb, and Dy), and heavy-REE (HREE; Er, Tm,
Yb, and Lu) are plotted together with Sm, Ho, and Y.
RESULTS
Iron-Coated Particles
The particles from the NW Iberian Range consist of iron-skeletal
grains, iron-coated grains (cortoids, ooids, and oncoids) and iron-grain
aggregates (terminology of Flu¨gel 2004), composed mostly of the ferrous
phyllosilicate berthierine, and in lesser abundance, the iron oxyhydroxide
goethite (see Fig. 4, with the X-ray diffraction patterns of the minerals in
FIG. 3.—A) Sequence, T–R cycles, and B) unconformities distribution and lithostratigraphic scheme of the NW Iberian Range and Fuentelsaz GSSP. C) Iron-coated
particles appear in the Demanda, San Leonardo, and Madero–Moncayo areas (IB domain). Absolute ages are from Gradstein and Ogg (2004). Biostratigraphic scale is
from Henriques et al. (1996). Sequences, T–R cycles, and unconformities are from Garcı´a-Frank (2007); Garcı´a-Frank et al. (2008), and Arias et al. (2009). Abbreviations:
T, Toarcian; A, Aalenian; B, Bajocian; Ab. Gr, Ablanquejo Group; Ch. Gr, Chelva Group. For abbreviations for sections, see Figure 2.
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the most common iron-coated particles). Calcite from calcareous fossils
or intraclasts forms the nuclei of the particles, whereas berthierine and
goethite occur in the outer coatings. Locally, pyrite occurs inside
foraminiferal tests. Subordinate quartz is also present.
Petrographic and SEM analyses of iron-coated particles reveal three
stages of depositional development and two stages of diagenetic modifica-
tion (Figs. 5–7; Table 1). These stages include a variety of processes.
Stage 1.—Initial pre-existing particles, mainly carbonate grains such as
peloids, cortoids, or skeletal grains, show preferentially enhanced
ferruginization (Fig. 5A, B). These iron-rich skeletal grains without
coatings are mostly fossils (microfossils or fragments of larger skeletons),
including porcellaneous, agglutinated, and hyaline foraminifera (chamber
infillings and tests), echinoderms (plates), and bryozoans. Iron micro-
nodules or iron intraclasts are present locally (e.g., see lower left area in
Fig. 6G). Generally, Stage 1 particles are smaller than 0.5 mm, poorly
sorted, and have low sphericity and roundness (see Table 1).
Stage 2.—Particles show more complexity than Stage 1 particles, due to
the development of between two and seven regular coatings or laminae
around the nucleus. These particles, with both a nucleus and defined
laminations, are true iron ooids (Fig. 5C–E). The mineralogy of the
coatings is mainly berthierine, which under SEM consists of platy
crystallites (Fig. 6B). Locally, coatings with brown to red color appear
interlayered with the green berthierine laminae, suggesting the precipita-
tion of goethite or another oxidized mineralogy of iron. Encrusters
(foraminifera, serpulids, and bryozoans) are interlayered with the
coatings. Nuclei of these particles commonly include grains modified
during Stage 1, but these can amalgamate, forming polynucleous particles
(see Fig. 6E, F). Particles formed in Stage 2 have sizes less than 0.8 mm,
are poorly to well sorted, and subrounded to ellipsoidal (Table 1).
Stage 3.—This stage is recognized by the formation of irregular iron
coatings, commonly associated with encrusters. Individual laminae show
variable thickness, making oncoid-like features due to their irregular
coating pattern (Fig. 5F–H). These particles are similar to Oxfordian type
B ooids of Reolid et al. (2008). Irregular layers can occur interlaminated
with ooid-like regular ones, suggesting alternate episodes of formation
(Fig. 5G, H). The associated encrusting organisms include hyaline,
porcellaneous, and agglutinated foraminifera, bryozoans, serpulids, and
possibly, cyanobacteria (see Figs. 5F, H, 6D). Commonly, they are
mineralized (filled or replaced) by iron oxyhydroxide, such as goethite
(Fig. 6C). These particles, with a nucleus covered with irregular layers,
are described here as iron oncoids and correspond to foraminiferal
oncoids (dominating encrusting foraminifera such as Nubecularia) and
composite oncoids (with foraminifera or bryozoans, or other encrusting
organisms) (following the classification of Flu¨gel 2004, p. 123).
Composite particles or aggregate grains (grapestones or lumps) are
formed by other grains bound together by organic films, encrusting
organisms, and cements (Flu¨gel 2004). Partially ferruginized aggregate
grains appear to be associated with iron oncoids in the samples (Fig. 6G).
These iron-grain aggregates are not totally ferruginized, or ferruginiza-
tion is variable. The size of the particles commonly is greater than 1 mm
(see Table 1). Aggregated particles include large fossil fragments,
encrusters such as serpulids and bryozoans, and partially ferruginized
lithoclasts, and commonly are enclosed in a dark brown matrix.
Diagenetic Phase A.—Diagenetic phase A within iron particles
corresponds to the formation of an isopachous circumgranular bladed
to dog-tooth cement partially to totally covering iron-coated particles.
The most common mineral composing the cement is berthierine
(Fig. 7A). Locally berthierine coexists with calcite. Crystals of both
mineralogies are up to 10 mm wide, and vary between 50 and 100 mm in
length (see Table 1). This stage is not recognized in every geographical
region. Analogously, they show variable development; in some cases
particles in the same stratigraphic level include a rim around them,
whereas other particles have no rim.
Diagenetic Phase B.—This phase corresponds to relic textures of iron-
rich particles (ghost particles) that resemble former iron particles
(Fig. 7B). Frequently, undissolved residual iron minerals, such as goethite
or pyrite, remain within the ghost particle (see Table 1).
FIG. 4.—X-ray diffraction pattern of a ‘‘type
sample’’ (Ha-54; Discites Z.). The main mineral
reflections are calcite (Cal.), berthierine (Berth.),
quartz, and goethite (Goet.).
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FIG. 5.—Iron-coated particles, stages 1–3 (petrographic thin sections): A) Stage 1, totally or partially iron-replaced fossils, some affected by iron precipitation inside
their tests, embedded in an iron-rich peloidal matrix (plane-polarized light). B) Stage 1, ferruginized foraminifera tests and echinoderms plates (plane-polarized light). C–
E) Stage 2, iron ooids: development of a small number of regular coatings of berthierine around a nucleus, C) subrounded iron ooids with encrusters interbedded within
the coatings (plane-polarized light), D) ellipsoidal iron ooids (plane-polarized light), E) subrounded iron ooid, with interbedded encrusters within sets of laminae (cross-
polarized light), F–H) Stage 3, iron oncoids: development of irregular goethite coatings of variable thickness, frequently associated with encrusters, around previous
particles, F) ellipsoidal iron oncoids; note encrusters on the left particle (plane-polarized light), G) rounded iron-coated particle showing the development of oncoid layers
that incorporate quartz grains over previous ooid-like ones (plane-polarized light), H) rounded iron-coated particle, with berthierine in the inner coatings (see interference
cross) and goethite in the outer ones (cross-polarized light).
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FIG. 6.—Iron-coated particles under SEM, A–C) secondary electron images, and D–G) back-scattered electron images, where the darker areas correspond with calcite
(matrix and unaltered fossils), the light-gray ones with berthierine, and the white ones with iron oxides. A) Arrangement of coatings around a nucleus in a broken iron-
oncoid. B) Detail of berthierine crystallites in one coating (arrow). C) Detail of goethite crystals in one coating (arrow). D) Irregular arrangement of coatings of an iron
oncoid (polished thin section). Note the encrusters on the outer coatings (arrows). E) General view of iron-coated particles in a polished thin section, note that some of
them are polynucleous. F) Detail of a polynucleous particle (polished thin section). The left nucleus has been replaced by pyrite (very light gray). G) Iron intraclasts (lower
left) and partially ferruginized aggregate grain (grapestone) in polished thin section.
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Geochemical Character of Trace Elements
Rare Earth Elements and Yttrium.—Because rare earth elements and
yttrium (REY) are not easily fractionated during sedimentation,
sedimentary REY patterns may provide an index to average provenance
compositions (McLennan 1989). For example, similarities in distribution
patterns of rare earth elements and immobile elements between iron ooids
and volcanic rocks can be important for evaluating volcanic influence on
the genesis of those ooids (Sturesson 2003; Sturesson et al. 2000).
The abundance of REY in bulk samples containing iron-coated
particles, limestones, and marls varies in the samples of the Iberian
Range (Table 2). The REY distribution patterns for the iron-coated
particles within the carbonate strata and for coeval volcanic rocks (late
Toarcian–early Bajocian) in the Iberian Range (Martı´nez Gonza´lez et al.
1997) are compared on Chondrite-normalized (Fig. 8) and PAAS-
normalized curves (Fig. 9) together with the character of present-day
iron ooids and seawater, and ancient iron ooids and iron crusts.
On Chondrite-normalized spidergrams, the LREE patterns of iron-
coated particles, volcanic rocks, present-day iron ooids from Indonesia
(Fig. 8A, B), and contemporaneous carbonates without iron particles
(Fig. 8C) have a similar trend. They all lack a clear Ce depletion, but they
differ in LREE concentration, ranging from higher values for volcanics,
intermediate for Indonesian iron ooids and carbonates with iron-coated
particles, and slightly lower values from Fuentelsaz carbonates (e.g.,
marls show the higher concentrations). However, they clearly differ from
the trend of the Oxfordian ooids type A of the Prebetic (Betic Cordillera)
(Fig. 8B), present-day Pacific seawater (Fig. 8D), both of which exhibit a
marked Ce depletion, and the PAAS (Fig. 8A). MREE patterns from all
the samples are more regular, including only a slight stepwise decrease
(even flat shapes in the Oxfordian samples), with a marked Eu depletion,
except for the volcanics. In contrast, only Pacific seawater includes
increased MREE values. Finally, the LREE values are quite similar
(rather flat shape) for the PAAS, the Oxfordian iron ooids, and most of
the sedimentary Aalenian–Bajocian samples, whereas the rest of the
samples exhibit different trends.
The PAAS-normalized patterns (Fig. 9) enhance distinctions between
the Betic Cordillera Oxfordian iron ooids and those from the Iberian
Range and from Indonesia. The Ce depletion of the Oxfordian ooids
(Fig. 9A) is the most pronounced of all samples, with higher REY
concentrations than the other iron-coated samples and present-day iron
ooids, but also than those of the carbonates of Fuentelsaz (Fig. 9B).
DISCUSSION
Interpretation of Iron-Coated Particles
Petrographic and geochemical data indicate several stages in the
evolution of iron particles in this succession. Stage 1 represents the
beginning of formation of an iron particle (Fig. 10). During early burial,
echinoderm plates typically are affected by micro-dissolution that
enlarges the pores in stereom, where precipitation of iron minerals was
favored. In bryozoans and foraminifera, iron minerals began to
precipitate in empty chambers. The appearance of pyrite inside
foraminiferal tests suggests the development of sulfidic microenviron-
ments. Replacement of bioclasts by ferruginization processes involves loss
of primary structure, although, in some cases, shells or tests remain
unaltered or carbonate (calcitic) cements precipitated. This first stage
appears throughout the succession, although iron-rich particles are more
abundant in condensed beds of the younger strata.
Stage 2 involves the development of regular, concentric laminae around
pre-existing, ferruginous particles (Fig. 10). In accord with their
mineralogy, these iron ooids have undergone periods with predominating
reduced conditions (berthierine), alternating with oxidizing phases
(goethite). These grains may have remained buried most of the time,
but embedded in soft sediment in a suboxic environment, may have been
remobilized, modified by changes in the redox boundary inside the
sediment, and modified by bioturbation. Although they appear in
intervals characterized by low sedimentation rates, it is plausible that
the development of the (relatively few) berthierine laminae was intimately
related to redox fluctuations within the sediment.
Stage 3 corresponds to the final stage of the depositional genesis of
iron-rich grains, caused by the colonization by encrusters of particles
under oxic conditions (Fig. 10). Older particles were exhumed, and
exposed enough for encrusters (Nubecularia, serpulids, and bryozoans) to
cover the particles and generate more complex, partially ferruginized
aggregate grains and iron oncoids. The fixation and overgrowth of
encrusters on previous particles indicate that their surfaces were lithified.
The encrustations are interpreted to have occurred in association with
very low sedimentation rates, which favored intense reworking and
bioturbation that homogenized the sediment.
Finally, with burial, diagenetic modifications affected some of the iron-
coated particles and other grains. These alterations include precipitation
of carbonate cement, partial recrystallization (calcitization), and disso-
lution (Fig. 10). These modifications resulted in berthierine and calcitic
rims (Diagenetic phase A) or formation of ghost particles with
FIG. 7.—Iron-coated particles, diagenetic stages (petrographic thin sections, plane-polarized light). A) Development of anisopachous circumgranular cement around
iron-coated particles (arrows), B) ghost particles, with internal undissolved residual iron (arrows).
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undissolved residual iron due to dissolution and calcite replacement
(Diagenetic phase B). In the latter case, the partial or total replacement by
neoformed calcite destroys the original texture of the iron-rich particles
forming ghost particles. Other, less common replacement minerals
include iron sulfides (pyrite).
Geochemical Inferences
Redox State.—Rare earth elements exist mostly in a trivalent state, but
there are two exceptions to this generality, europium and cerium (which
may also exist as Eu2+ and Ce4+ respectively). The Eu depletion in the
Chondrite-normalized samples (Fig. 8) is consistent with other sedimen-
tary patterns (e.g., Zhang et al. 1998; McLennan 1989). However, Ce is one
of the most variable rare earth elements both in Chondrite-normalized and
PAAS-normalized spidergrams. Cerium becomes oxidized on a large scale
in the oceans to Ce4+, a state that is exceedingly insoluble and is rapidly
incorporated in bottom sediments, particularly Mn nodules (McLennan
1989). As a result, Chondrite-normalized plots from phases precipitated in
equilibrium with seawater commonly show distinct Ce depletion as the
immediate consequence of this reaction (Fryer 1983; McLennan 1989). For
example, the Pacific seawater patterns (Fig. 8D) from Zhang and Nozaki
(1996) reflect the very low concentrations of REE in marine waters, and
represent the oxygenation levels at 0, 22, and246 meters, with increasing
Ce depletion at greater depth.
Studies of REE concentrations of dissolved and suspended particulates
in the Cariaco Trench (Venezuela; from de Baar et al. 1988) show that the
Ce gradient in the oxic–anoxic interface is more pronounced than that
evident for other REE. When normalized to shale, a marked Ce depletion
is evident in the distribution patterns of dissolved rare earth elements
under oxic conditions, whereas no depletion or even a Ce enrichment
occurs in anoxic settings.
The variations depicted in Jurassic Chondrite- and PAAS-normalized
samples of the Iberian Range (from a minor to a distinct Ce depletion, see
Fig. 9B) might be explained by changes in the oxidation–reduction
reactions related to periods or places with changing geochemical conditions.
If so, they should also be reflected in the mineralogy of the particles.
Mineralogy.—The mineralogy of the iron-coated particles shows
changes in composition revealing oscillations in the redox conditions.
Co-occurrence of suboxic and oxic phases is common in most
hydrothermal deposits, indicating a range in redox conditions over either
short spatial scales or through time (Severmann et al. 2004). The
coexistence of both phases within the iron-coated particles from the study
area is consistent with the conceptual model of Jeans et al. (2000),
wherein the development of suboxic and anoxic conditions occurs only
below the water–sediment interface. In fully marine conditions, berthier-
ine is considered to be precipitated within the suboxic diagenetic zone
(Taylor 1998). Thus, precipitation should be linked with suboxic
conditions in earliest stages of diagenesis, most likely below the active
sediment–water interface. Subsequent periods of low sediment accumu-
lation allowed the exhumation of particles, reworking, and exposure to
oxic conditions. Goethite is interpreted to represent these periods, which
also favored the growth of encrusters on the surface of the iron-coated
particles. Berthierine can also be produced in nominally oxygenated
conditions during sediment ingestion and excretion, since guts of animals
are micro-reducing environments even within an oxic zone of sediments
(Needham et al. 2004, 2005). On the other hand, these biological casts
show contorted structures that are not present in the Aalenian samples.
Synthesis—Evolution of Iron-Coated Particles
Regional Setting and Types of Iron Particles.—A stable epeiric platform
characterized the NW part of the Iberian Basin until the early Aalenian,T
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which extended to southern areas, like Fuentelsaz. After late Comptum
Biochron (early Aalenian), a differentiation in two major facies domains
occurred in the NW Iberian Basin (IB domain vs. BCB domain), most
likely caused by active extensional faulting (Garcı´a-Frank et al. 2008) and
in certain places iron-coated particles developed (Stage 1, and subordi-
nately, Stage 2). During the Murchisonae and Bradfordensis Biochrons
(middle Aalenian), condensed sequences with abundant iron-coated
particles (Stages 1 and 2) formed on top of elevated fault blocks (half-
graben structures with associated paleo-highs) in the IB domain. Locally,
suboxic conditions developed below the active water–sediment interface,
FIG. 8.—Chondrite-normalized (Taylor and
McLennan 1985) REE distribution patterns for
five selected carbonate samples (1–5) in the NW
Iberian Range containing iron-coated particles
(1 5 Pz-34, Comptum Sz.; 2 5 Vy-56, Conca-
vum Sz.; 3 5 Mv-52, 4 5 Bo II-70, and
5 5 Si-74, Discites Sz.) and five samples of
volcanic materials of coeval age (6–10) in SE
Iberian Range (6 5 IR Volc-6; 7 5 IR Volc-7;
IR 8 5 Volc-5; 9 5 IR Volc-2, and 10 5 IR
Volc-9 from Martı´nez Gonza´lez et al. 1997),
compared with different samples. A) Values of a
standard shale: PAAS (Taylor and McLennan
1985); B) modern Indonesian iron ooids (11)
related with a volcanic setting and with Oxfor-
dian plinthitic iron ooids (12) of the Betic
Cordillera (Reolid et al. 2008); C) values of
limestones (13) and marls (14) of the Fuentelsaz
GSSP for the Toarcian–Aalenian boundary, and
D) Pacific seawater, South Fiji Basin (Zhang and
Nozaki 1996).
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resulting in berthierine precipitation. During the Concavum Biochron (late
Aalenian), throughout the IB domain, the sedimentation rate dropped in
most areas and favored widespread occurrence of all different types of iron-
coated particles (Stages 1, 2, and 3). Successive reworking processes
allowed the exhumation of particles and their exposure to oxic conditions
where encrusters grew and goethite precipitated. Finally, in the course of
the Discites Biochron (early Bajocian) the maximum condensation
occurred, and all the stages were frequently affected by early diagenetic
modifications. The suite of different iron-coated particles formed (or
transformed) by the aforementioned processes, point that the decreasing
sediment accumulation rate was the main factor affecting the system. The
Fe-coated particles chemistry itself can enhance the low sediment rate, since
if the time exposure to seawater is long enough, they can record its REY
composition. Some PAAS-normalized REY ratios (PN) can provide specific
information related to time exposure to seawater. The (Dy/Yb)PN values
for modern seawater and other carbonates through the Phanerozoic range
from 0.8 to 1.1 (Shields and Webb 2004). Some of the (Dy/Yb)PN ratios of
the carbonates with Fe-coated particles (Table 3) fall between this interval.
Since they had enough time exposure to seawater as result of the lower rates
of sedimentation, this can be detected trough their ratios and thus represent
a new record of total Dy/Yb concentration values for Aalenian–early
Bajocian seawater.
Source of Iron.—Iron in Jurassic ironstones frequently is suggested to
be a product of deeply weathered plinthitic soils (e.g., Reolid et al. 2008).
However, no such paleosols are known in the Aalenian sediments of
adjacent areas in the Iberian Range. Instead, these iron-coated particles
developed in a geological setting of semiarid climate (Rees et al. 2000;
Barro´n et al. 2010), with the nearest terrigenous source being emerged
areas hundreds of kilometers away (see Garcı´a-Frank et al. 2008). The
palynological assemblages at the GSSP of Fuentelsaz correspond to
subtropical plant communities (gymnosperms and vascular cryptogams),
adapted to arid conditions (Barro´n et al. 2010). In this setting, the main
source of metals likely were hydrothermal solutions related to volcanism,
mixed with seawater in variable proportions, and precipitated as colloids.
Thus, a more likely source for the Al, Si, and Fe of the silicates is the
coeval volcanism (lower Toarcian–lower Bajocian) in the southeastern
Iberian Range, or other, regionally widespread Jurassic magmatic activity
(see Geological Setting). On Chondrite- and PAAS-normalized spider-
grams, the differences between the Iberian iron-coated particles and
goethitic Oxfordian ooids are interpreted to reflect a different source of
the elements in each case. Since the Oxfordian ooids (type A) are related
to weathering processes (Reolid et al. 2008), the REY pattern exhibits a
different shape. The present-day Indonesian ooids are related to a
volcanic source of iron, and their pattern is similar to those of the Iberian
iron-coated samples and the Aalenian carbonates of Fuentelsaz, which
have slightly lower concentrations.
To test provenance, LREE, MREE, and HREE values of the samples
were compared with different materials (igneous and sedimentary) of
diverse geological contexts on ternary plots (Fig. 11). The sedimentary
FIG. 9.—PAAS-normalized (Taylor and
McLennan 1985) REY distribution patterns for
the samples in Figure 8.
964 A. GARCI´A-FRANK ET AL. J S R
materials from this area, and the coeval volcanics of the Iberian Range,
fall within a very well-defined field (Fig. 11, upper right corner), whereas
all the samples linked with a ‘‘nonmarine’’ genesis (laterites and pisoids)
plot in a different field, with lower MREE values. The two comparison
standards (PAAS and chondrite) are projected independently, whereas
the remaining samples are clustered nearby the Iberian Range samples.
Like these Iberian iron-coated and coeval volcanic samples, data from
Ordovician iron ooids and volcanic rocks (Sturesson 2003) show some
dispersion. The other iron ooids (Oxfordian type A, from Reolid et al.
2008; and present-day samples, from Sturesson et al. 2000) plot adjacent
to the Ordovician samples. Since our samples are from bulk rock, i.e.,
they represent mixed samples, they fall within the values of coeval
sedimentary and volcanic rocks, as happens with mixed UK Jurassic
deposits (Jeans et al. 2000).
The plot of yttrium versus niobium and lanthanum permitted
distinction between concentrations typical of magmatic sources and
those resulting from weathering (solid arrows in Fig. 12; Class and le
Roex 2008). The plot shows no indication for mobilization of Y or La, as
would be indicative of a weathering source (Class and le Roex 2008).
Thus, a magmatic trend is more consistent with the data than a
weathering cause. In this context, the different signatures of REY
patterns and LREE, MREE, and HREE values are controlled by tectonic
instability in the study area consistent with a mixture of coeval
sedimentary and volcanic-derived sources.
In summary, carbonates containing Fe-coated particles can provide
information about the provenance source chemistry, including aspects
such as volcanism or seawater input, and may be useful to understand
other successions where these particles appear. The REY patterns and
their evolution through the sedimentary record highlight the roles played
in the REY budget by Fe-coated particles and marine carbonates, as
other studies have predicted (e.g., Ne´grel et al. 2006). Nonetheless, the
exposure time to seawater can exert a strong control on the REY
chemistry of the sediment. These carbonates with Fe-coated particles can
be attributed to a low sedimentation rate, which enhanced REY
absorption (and fractionation) from seawater. Thus, carbonates with
Fe-coated particles in condensed series can be a good proxy for marine
seawater.
FIG. 10.—The three stages of iron-particle formation and diagenetic phases, suggested by differences in iron-coated particles. The geochemical environment,
sedimentary rates, and bioturbation are distinct within each stage of particle formation.
TABLE 3.—Dy/Yb PAAS-normalized ratios in Aalenian–Bajocian selected
samples from the Iberian Basin.
(Dy/Yb)PN
Iberian Range Volcanics1 IR Volc 6 1.8
IR Volc 7 1.76
IR Volc 5 1.84
IR Volc 2 1.8
IR Volc 9 1.75
Iron-Coated Particles Vy56 1.09
Mv52 1
BoII70 1.19
SI74 1.16
Pz34 1.53
Limestones Fz 200 1.56
Fz 181 1.47
Fz 132 1.13
Fz 112 1.28
Marls Fz 107 1.13
Fz 113 1.14
1 Data from Martı´nez-Gonza´lez et al. 1997.
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CONCLUSIONS
1. Three stages of development of iron-coated particles occur in
sediments from the condensed Aalenian–Bajocian interval of the
NW Iberian Range, Spain. Stage 1 corresponds to ferruginized
carbonate grains (Fe-skeletal grains, Fe-peloids, and Fe-cortoids);
Stage 2 is represented by berthierinic iron ooids, and Stage 3
comprises goethitic irregular coatings (oncoids and grapestones)
developed around the previously developed particles. Beyond
depositional processes, early diagenetic modifications, such as
formation of cements around iron-coated particles (diagenetic
phase A) or dissolution and calcite replacement (diagenetic phase
B), also influenced these sediments.
2. Geochemical data (cerium variations of the REY patterns) suggest
changes in the oxidation–reduction conditions during deposition. A
mixture of reduced and oxidized iron mineral phases in individual
Fe-coated particles also suggests highly variable redox conditions.
Berthierine is interpreted to be linked with suboxic conditions,
whereas goethite and the appearance of encrusters suggest oxic
conditions.
3. Basin evolution and tectonics played a role in the genetic model of
these particles by providing means for surface-water enrichment of
Fe, and creating different domains in which the Fe-coated particles
developed. The different stages of iron-coated particles developed in
specific stratigraphic levels with different sedimentation rates. The
decreasing sediment accumulation rate was the main factor
affecting the genesis of the different types of Fe particles.
4. The source of iron has been inferred due to the comparison of REY
spidergrams, ternary plots of LREE, MREE, and HREE, and the
Y/Nb and Y/La plots from different geological contexts, which
display specific signatures. Given the lack of evidence for nearby
lateritic or plinthitic soils during this period, coeval Iberian
volcanism is the most plausible source of iron. The projection of
LREE, MREE, and HREE values of iron-rich samples on ternary
plots matches that of contemporaneous Aalenian GSSP sedimen-
tary rocks and the volcanics. Likewise, they show no indication for
mobilization of either Y or La, as would be expected for a source
related to weathering; instead, they show trace-element systematics
FIG. 11.—Ternary plots of the LREE,
MREE, and HREE of several samples of
different materials and geological contexts can
test provenance. Sedimentary materials and
coeval volcanics of the Iberian Range fall within
a very well-defined field whereas laterites and
pisoids (‘‘nonmarine’’ genesis), and comparison
standards plot in different fields. 1 5 NE
Iberian Range volcaniclastic rocks (Martı´nez
Gonza´lez et al. 1997); 2 5 mixed Jurassic
deposits, UK (Jeans et al. 2000); 3 5 Indone-
sian iron ooids (Sturesson et al. 2000); 4 5 Ej-
povice iron ooids and volcanic rocks (Sturesson
2003); 5 5 Oxfordian Betic plinthitic iron ooids
type A (Reolid et al. 2008); 6 5 Sta Augusta
laterites (Morey and Setterholm 1997);
7 5 Brazilian pisoids (Tazaki et al. 2009);
8 5 Chondrite (Taylor and McLennan 1985);
9 5 PAAS (Taylor and McLennan 1985).
FIG. 12.—Possible trends of provenance of iron-coated particles. Solid arrows
indicate concentrations typical of magmatic processes and weathering, and are
based on analyses from basalts weathered in tropical and temperate climates (Class
and le Roex 2008). The iron-coated particles from this study show trace-element
systematics consistent with a mixture of coeval sedimentary and magmatic
processes (dotted arrows).
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consistent with a mixture of coeval sedimentary and magmatic
processes.
5. REY PAAS-normalized patterns are an adequate tool for
provenance analyses. The (Dy/Yb) PAAS-normalized ratios help
to discriminate seawater concentrations. Carbonates with Fe-coated
particles with (Dy/Yb)PN values between 0.8 and 1.1 in known
regimes of low sedimentation rates may document REY absorption
and fractionation from seawater. Thus, carbonates with Fe-coated
particles in condensed series can be good paleoceanographic
proxies.
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